Guard cells are a valuable model system for the study of photoreception, ion transport, and osmoregulation in plant cells. Changes in stomatal apertures occur when sensing mechanisms within the guard cells transduce environmental stimull into the ion fluxes and biosynthesis of organic solutes that regulate turgor. The electrical events mediating sensory transduction in guard cells can be characterized with a variety of electrophysiological recording techniques. Recent experiments applying the patch clamp method to guard cell protoplasts have demonstrated activation of electrogenic pumps by blue and red light as well as the presence of potassium channels in guard cell plasmalemma. Light activation of electrogenic proton pumping and the ensuing gating of voltage-dependent ion channels appear to be components of sensory transduction of the stomatal response to light. Mechanisms underlying stomatal control by environmental signals can be understood by studying electrical events associated with ion transport.
Stomatal cells transduce prevailing conditions in the leaf environment into regulated turgor pressures which are modulated by ion influx and efflux. The relationship between turgor pressures in guard cells and those in neighboring epidermal cells determines the dimension of the stomatal pore, hence regulating gas exchange in leaves. Photosynthesis and water loss in the plant markedly depend on prevailing gas exchange conditions. Modulation of stomatal apertures by environmental signals requires the perception of the stimulus by a sensory mechanism within the guard cell and its transduction into ion fluxes and biosynthesis of organic solutes. These in turn modulate osmotic potentials and turgor (8, 12, 24) . Electrical events can be used to study processes involved in signal perception and transduction. For example, activation of electrogenic pumps can give rise to electrical current and ion accumulation in the cell can be correlated with changes in voltage across the semipermeable membrane. Hence the interest on electrophysiological studies with guard cells.
Electrical measurements have characterized two distinct electrical compartments in guard cells, delineated by the ' Present address: Department of Biology, University of California at Los Angeles, Los Angeles, CA 90024-1606. plasmalemma and tonoplast (5, 9, 12) . As in other plant cells, both compartments have inside-negative membrane potentials with respect to the bath, but the vacuolar (tonoplast) potential is more positive than the cytoplasm. Using intracellular recordings from onion guard cells, Moody (9) .
Application of the novel technique of patch clamping to the study of ion transport across guard cell membranes has substantially increased our understanding of electrical events associated with stomatal movements. Because oftheir impact, this review emphasizes recent patch clamp studies describing voltage-dependent potassium channels and electrogenic pump activity at the guard cell plasmalemma. This powerful method offers information on membrane properties which is beyond the scope of other techniques.
The patch-clamp method is based on glass-membrane interactions; therefore, wall-less protoplasts and isolated vacuoles are eminently suitable for this type of experiment. Protoplasts have the simplest geometry for volume measurements and, unlike the intact tissue, are completely devoid of interactions with neighboring cells. Hence, any measured response to a stimulus can be unambiguously assigned to the guard cell. Furthermore, electrical changes at the plasma membrane can be distinguished from those at the tonoplast. Patch clamping also offers the capability of recording from small cells without the injury associated with mechanical penetration of the electrode through one or more membranes, as is the case in intracellular recording. Other excellent texts and reviews describe the method in detail (13, 14) .
2Abbreviations: CCCP, carbonylcyanide m-chlorophenylhydrazone; TEA, tetraethylammonium ion.
POTASSIUM CONDUCTANCES IN THE PLASMALEMMA
The ion channels most extensively characterized in patch clamp studies in plants are the voltage-dependent potassium channels (14) . In guard cells, these channels were first described in excised plasmalemma patches from Vicia guard cell protoplasts as cation-selective ion channels with a high selectivity for K+ and with voltage-dependent kinetics for channel opening and closing (17) . Patch clamp recordings in the whole cell mode have shown the presence of voltageactivated inward and outward currents which are carried by potassium and activate slowly, over a period ofseconds. These outward and inward potassium currents are reversibly blocked by the application of 10 mM Ba2+ to the external medium (18) . Outward currents recorded in the whole cell configuration were completely inhibited by 10 mm of the potassium channel blocker, TEA, in the bath or by the replacement of potassium with cesium in the patch pipette (15) . The outward potassium currents were unaffected by 4-aminopyridine, another potassium channel blocking agent. In the same study, application of 10 gM ABA to excised plasmalemma patches increased mean channel open time and caused long-lasting bursts of channel opening, suggesting that the efflux of ions observed upon ABA treatment (8) could be correlated with changes in ion gating. Of particular interest is the finding that Al"3 selectively blocks the inward but not the outward potassium currents, paralleling the observed effects of aluminum on stomatal opening and closing. Furthermore, the selective block of the inward potassium current by A3l would be consistent with the notion that the inward and outward currents are passed by two different types of potassium channel (16) . Taken together, these experiments point to the potassium channels as an important pathway for the flow of potassium across the plasmalemma during stomatal movements (Table I) .
ELECTROGENIC PUMPS
There is compelling biochemical evidence for the presence of proton translocating ATPases in the membranes of fungi and green plants (23) . Vanadate-sensitive, ATPase activity in crude membrane preparations of guard cell protoplasts has been recently reported (6, 10, 22) . The postulated involvement of proton pumping in the response to fusicoccin, and in sensory transduction of opening stimuli such as red and blue light (24) , has stimulated electrophysiological research aimed at the characterization of pump activity. The patch clamp technique offers significant advantages for the study of electrogenic pumps. For example, patch clamping makes it possible to define the membrane environment which, in the whole cell mode, is controlled by the pipette solution on the cytoplasmic side and by the bathing medium on the other side. When both bathing and pipette solution have equimolar composition, a measurement of electrical currents can be unambiguously attributed to electrogenic ion transport at the plasmalemma.
Assmann et al. (1) were the first to use the patch clamp technique to successfully isolate electrogenic pump currents in a higher plant cell, the Vicia guard cell protoplast. Under whole cell voltage clamp conditions, 30 s pulses at 0.050 mmol m2 sg' blue light given in a background of saturating red light resulted in transient outward currents that could be as large as 5.5 pA (Fig. IC) . There was a characteristic 25 to 35 s delay between onset of the blue light pulse and the beginning of the outward current. The fact that net outward currents were observed under conditions in which the ionic concentrations on both sides ofthe membrane were the same, implied the activation of an electrogenic ion pump; an observed ATP requirement implicated an ATPase. Furthermore, the current was observed in the absence of K+, thus the pump was not an obligate H+/K+ antiporter. Using the same cell preparation and light protocol, Shimazaki et al. (21) observed medium acidification when suspensions of guard cell protoplasts were irradiated with blue light, with the same 25 to 30 s delay. Together, the two sets of data characterize a blue-light stimulated proton pump at the guard cell plasmalemma.
Blatt (2, 3) has investigated electrical properties of intact guard cells in epidermal peels from Vicia using intracellular recordings with a two microelectrode voltage clamp and has discussed conceptual and experimental aspects of this technique in detail. Electrogenic pump properties were studied by subtracting membrane current-voltage parameters in the presence of cyanide, from comparable data obtained in its absence. The rationale for this approach is that, providing that cyanide does not affect nonpump currents, and that it blocks respiration and ATP supply for the pump, the difference between the two treatments reveals the pump current. Reported difference current-voltage curves characterized a dependence of pump current on membrane potential. Under these conditions, the difference ion pump current showed a voltage dependence between -300 mV and -100 mV; the pump was independent of voltage at membrane potentials more positive than -100 mV (2 elicited outward currents at the guard cell plasmalemma, with a delay of 5 to 7 s (Fig. 1, D and E). Since membrane voltage was clamped at the Nernst potential of 0 mV, current flow in response to stimuli could only be due to active ion transport by a pump. Both responses were inhibited by the addition of 10 Mm CCCP to the bath, indicating that the currents were the result of proton pump activity. The involvement of a H+-ATPase was further corroborated by the finding that addition of vanadate to the pipette solution decreased red light-stimulated currents in a dose dependent manner, with complete inhibition observed at 10 Mm (20) .
PHOTORECEPTION
The stomatal response to blue light is well characterized (26) , although the identity of the photoreceptor remains unknown. Blue light-activated currents show some intrinsic properties (Table II) , including a longer delay for their expression and the remarkable observation that the current in response to a pulse is transient and flows at higher rates after the light stimulus ends (Fig. 1C) . In addition, similarities observed between the blue light-induced voltage changes in the motor cells of Phaseolus ( 11) and those from guard cells suggest that the cycling property of the blue light photoreceptor (26) may be a common feature of blue light responses.
There is substantial evidence that red light-stimulated stomatal opening is mediated by the guard cell chloroplast (25), a notion corroborated by the patch clamp study. The red light-stimulated currents were blocked by 10 Mm DCMU and were dramatically increased by addition of 1 mM phosphate to the pipette solution (20) . Phosphate is essential for many photosynthetic reactions; its omission from the pipette solution would be expected to cause its dilution from the cytosol and result in phosphate deficiency for photosynthesis. A role of photosynthesis is also indicated by the observation that replacement of the ATP in the pipette by ADP also elicited outward currents (20) , suggesting that ADP and phosphate were used in the guard cell chloroplast as substrates for ATP synthesis via photophosphorylation, thus providing an endog- Electrophysiological studies are also likely to increase our understanding ofthe role of calcium in the modulation of ion efflux and stomatal closing (19) and in the sensory transduction of the water stress hormone, ABA (4) . Several aspects of stomatal closing would benefit from electrical correlates of ion efflux (8) . Some of the open questions on membrane depolarization in connection with ion efflux and stomatal closing, may be answered by the characterization of anion channels (5) , perhaps chloride selective, as well as other active transport processes, such as chloride or calcium pumps. Also, application of the patch clamp technique to studies of channels and pumps in the guard cell vacuole should be rewarding (12) . In general, quantitative studies of electrical properties of guard cells are likely to receive increasing attention from plant biologists interested in stomatal function, photoreception, ion transport, and osmoregulation.
